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1050~1423 m) , ZIMIBOABIKFNZ 72 227G K L7
FEREARI0E R IG TR, 32 T R T 4 - N B
=123 R P b 45 /NI VA R T AR AR M (35°42'49"N,
107°32'44"E) . B/NAVAFIRIEAN 36.3 km®, A
F120.5 km?, i iE HIWIEF) 56.5%, AR 15.8 km®,
AR 43.5%, RIS K T 13.6 km, VAIE T
ELF% 2.8%, VATE S5 FE 2.7 kn/km?, WA A A K /N 32 B 183

%, IR 4 350 t/(km™a) P Vg4 I I 2 i
BNV PR YD FIAR IR ) 32 BRI, Hh g R B 3 L R
VX PO, KRR PGS B 50 a BRI BERISET T, 1%
2 AR T K B A 557.7 mm, FRAKAERRASL R, F 8
HERE5—10 B, Hh7—9 B E&ERKER 63.0%,
VYA 8.7 °C, ARE 1475 mm, LFEM 1554, T
JEIE 1.3~1.8.
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Fig.1 Geographical location schematic of study area
1.2 REBREIT RINERIK o FENIE
Vi S s sTe 7= ks ~ N Atrtificial rainfall simulator
V4 S I b 5 X TR AT W T ,
R, AR RS 60 mX 12 mo RGBT A 2 B LK 2 Mﬂ%m Jos i
e N s s oy - .05 m
bR, LT AR 4 RIS IR SN !
KX L SRR 3 AR (1 20) o Jofsok e — i
NI N N —= BERAN 8 5
XOMEEHEL, K5 m. % 1.5 m. WEREN1°, 3°, 5°F1 , B 09m " '+
703t 4 AMBAEE; VASKET 0.9 m. B 1.5 m; VRK 1 m. BF i B A v |
N N o l | ¢
1.5 my R SHKXE 8. bR b2 20 Sm 1mia -
HIASE, HASERERKALBOKE it B . Hedhig S5 I.5m

BENT—8is8n “FH. BEr. TAMIE” BIPIL6GR
BB /DX E 2.05 m AFEE A I FER S, DLORIIERT
R 30 Hb THI IV 0 21 B KRV iR ARIRAESR A 20T Ot
SRR XRIVA R V B3, DUBEAE R AR R v
RS 2. FLBR /KR 3R A 348 5 R R A R A F 4E
PSR HC-25 FLBRAK R St AT il g, ST
FEICH—50~50 kPao J R E 171 LA At a) 23531 #E75 5k 30
60 1 100 cm AbE5 % 60 cm PRIIFLIE, K J14E BRI 14
75 oA E T I 30 F1 60 cm Ak (K 2b) o fEH
A FLBRZK R 23T NG K IR 4~5 h, DAHEBRAL
KR J3h 28 s JoE KA A, 3 el ialoks B . ik
56 o 8 e o G 2 1 00 SR B A K AL B K R ) 18 S
FENZEACA LG . LB K R 7 B REA R E N 10
R/so

a. PR

b. FLBRAKE i g
a. Sketch map of headcut erosion RIE

b. Top view of pore water
pressure gauge burying

A 1~6 AFLBUKE IR LSS, T
Note: 1-6 represents the serial number of pore water pressure sensor, the same below.
B2 KA R KR & B
Fig.2 Sketch of field scouring and rainfall experiment apparatus
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1o~7°, i GGl 2 HARBN AR TR T, #
AR EARAR BTN BN HEE (0.8 mm/min) « JBUK
WE (3.0, 3.6, 4.8, 6.0. 7.2m/h) . KX (1°,
39, 59, 7°) o RIGHKH 50 m? KMEER; W ESRH %
BEEAKE ERIR TR E T s R AR e . it
NARBG /N XA e il i R A, n] DAARIE AR I N /N X I
HIRIER TR IEA — 8. B/ N XESR] 6 K, RFXKIRK:
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1A 30 min, MGG FERFLE 180 min. {3846 T,
FE/NX N BEAT BN SR 20 mmv/h FOTRFERN, BE 2R
eI E X TR AR A . e R AT 6 N
MEAH A P BE RN A 2R3 51 TE, FrbemARE S, OT B
R A F TS, G05% 2 min N PR LR EREWRIE, £
R RIRZEAELL 5%, Ak, FEMH55] 5 2k 5|
85%. WUKIAIEH UG5, FFF 2 min 75 20RE H 11442
VPV FE, RIS FE b S I 5% AR 30 R AR R TR) A Az
o RIS AE AWM ALK 7128 A, R SRRk H R
B RIS WG, BARMPEVPFERR B SN 105°CHEFR AL
T 48 h BfHE.

2 FR55

2.1 iR RMERE
2.1.1 BRRAZARER WA

ARG FE A o 9 A ZE I () AR 1 AR, i
TP, R AR UBBE IR 58 37 vk 5 I 1 o i) AR Ak
B, IR I AR R R 56 AT 4R AT B AR
180 min I S I B P, 38 R A6 RS o e 358 R B AT
Fi1 0~30 min W 6.29%#1F] 150~180 min K
27.48%.

F 1 FRSEKXIEENXEZEEFRIRE

Table 1 Collapse frequency for different slope gradient of
catchment area at different time

L e B A B IH
YRITTHIE KT PR
Number of collapses under different time
Slope Flow . - e
. . period/min LT Total
gradient/ dlschar%e/
©) (m*h™ 0~<30 30~ 60~ 90~ 120~ 150~
<60 <90 <120 <150 <180
3.0 1 3 1 0 6 3 14
3.6 0 1 1 3 3 7 15
1 4.8 2 1 2 3 2 6 16
6.0 0 0 0 1 0 1 2
7.2 0 1 0 0 0 0 1
3.0 8 5 2 2 5 4 26
3.6 0 4 4 1 3 3 15
3 4.8 2 2 2 4 7 2 19
6.0 0 2 2 2 0 2 8
7.2 1 3 8 5 2 4 23
3.0 0 0 3 1 0 4 8
3.6 0 1 0 0 1 1 3
5 4.8 0 1 0 3 4 3 11
6.0 0 0 1 5 2 2 10
7.2 2 3 0 1 2 0 8
3.0 1 2 0 4 2 9 18
3.6 1 9 11 3 4 4 32
7 4.8 0 1 4 6 2 8 21
6.0 0 0 0 5 9 12 26
7.2 1 4 6 0 8 26
&t
19 43 48 55 54 83 302
Summary
PR
B 629 1424 1589 1821 17.88 27.48
Frequency/%

FEARIG I, IR IAE LAR DI ANIA B 5k on 3,

FEH IR EAR. HIEREKRE, AR
PEFE, v ) - 398 ] VA 308 P35 B, B OK T i B
AL, BT AR I AR K XNV S, BT AR T
L NMEEER Con-wall flow) FIEHA (et flow) 2 A,
Forr, v Sk R 200k I B It i A Ji5 T G S T, 2
FUKITEAEH, 558 R AR R A KB Sk B ik
Ao

2.1.2  BURARARE 4

AN [ BE 7K DX 35 P R TBOK IR B2 7= b 26 Bl N [R5 44
Bl 3 Fow, HBERTAEL: S BUKGRE KA v R B E
SIS JE R E RS . PR S, B R
B i ¢ AR E SRR B K (S=-E"In t++F, E=0.64~
5.10, F=4.51~30.09, R*=0.39~0.89, n=90, P<<0.01) ,
5 Zhang S T G 28 3t X ph i 70 B A T 45 R
AHAL . HEL E ORI FE 3B AN TBOK R B 0 38 R A 5 0
K, Ut B P2 72 Vb 2 5 45 K X 3 8 R BOK I 2 &2 OF
FHK .

Bl 4 A ERRES 2640 R P vb B A o IR T3 B2 (10
39, 5°, 7°) FIRBREAIN 325.66~454.13. 471.13~
787.71. 737.34~1 044.18 A1 1 073.16~1 533.60 kg. /=¥»
i RO R 3G I AR B k. TESE
AARTELS, WEAIN 1.2 m’/h, Py RN 16.17~
141.18 kg: WMESHEMN 1 %, S~ EHIMN 36.18~
319.27 kgo MUK EAZR, BN 20, FRibEHY
N 145.46~489.42 kg, I4HNMEEEN T 29.16%~60.26%.
G2 el AT, @A T R S RBOK R
TR RE: §,=150.985+66.950-136.58 (R*=0.96, n=20,
P<0.01). X S, N7 vb&, kg, S AR, (°), O Nk
KR, m¥/he BUKF R, HiRBRHRH MR b
BRI, AT BA AR, Rk, &k
PEVD R R . BRI 3 H I A0 Y Sk VR AR e )
W IR B, ST 7 b B L R 3 B ) 3 I i B K. 7
FRTRI GRS P R, R R AN KUt i X6 Ak 4 A i A
W, VESKKRETEK, NUMRbh. 7 TE ] AR AR
B Z, IR T
2.1.3 EAT I H

¥ 1 B0 AR T B 7 b 38 SR AR 7 A I [ HEAT X EE
SHTRI D (B 3) , BEREN 10 300 S5O TOR, B oY
T 34.12%%~97.48%, 22.75% ~ 166.48%, 48.36% ~
324.59%F1 36.55%~131.76% 1 &R . FIbRIAZ MM
HH LT R AH 5 A B A1 T &5 A7 0E “Wi 07 DL, B B
RAEJE— BN TE], b4 LR A 2 o i BARE
IX 32 B R T AKX AN Sk A R T 0 3 B B AR
W, ZRESMEHBNBEKR. HLoh, HRAIRF VD
AL AR I oK AR Y (plunge pool erosion) .
BRI SIS BE ST, TR PR AL VR VDA — IR
IBECE KB MO, SRS BRI . MR
BRI, SR HERRTEVA R 1) LR TE I B
TERVUESL PR T, 38 AR B IR ol 38 Ry
WA N
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JBK AL Flow discharge/(m*-h)
10 =3.0+3.6+4.8

El +60 72 E
s, Ot kefty 28 oS
ﬁgé y Mutational site caused by collapse “_‘(EE 3
e =4 ! e
SENI ‘ ~82 4
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A 0 . . 5 i ‘ 2 5 Y
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a. 17 bR b. 37 Yb A
a. Temporal variation of sediment yield rate under 1° b. Temporal variation of sediment yield rate under 3°
° > 35
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. S RARY
c. Temporal variation of sediment yield rate under 5°

4% ) 1) Time/min
d. 77 bR ARY,
d. Temporal variation of sediment yield rate under 7°

B3 5 et R A
Fig.3 Change of sediment yield rate with runoff time

1600 o ]
JHK it i Flow discharge/(m?-h) =
1400+ A30 BR36 [ 148 =
6.0 =72 H
& 1200 =
3 =
-2 1000+ =
= —
2 800 — . \ =
3 Sl7: =
% 600l =N =
= “INER7:: =
2 < NS H
T O400F & NE I =
R % e H /»:o: —
R < NE Uk =
200 55 SENSH7 < =
5 SEANSRZ: =
0 R R NE R H

1 3 5 7
3% Slope gradient/(°)

B4 RFBREARBKAZEMT D ERAA
Sediment yield variation under different slope gradient and
flow discharge

2.2 FLBRKENZT kTR

SIMTFLBE KR f1 CFRIBE = 2R 1) 5 Bl i 1] 1 26
Au[E CHBAO B R, FREE 30 s 3R 1 CFMHE,
B 300 MECHEEL 1 UCF3AME,  FLBRZK R F7 Bl 156 i A] 3%
Wk, 3 2R MRS R (K 2) . P=4'In
+B (4=0.01~0.74; B=0.51~2.64, n=48~180, P<0.01) ;
P=—C-t+D (C=0.01~0.04; D=0.38~1.97, R*=0.50~0.98,
n=60~165, P<0.01) . TyiPNm it/ b % 5 v J 70
X 2013 4F 3 3% R Ve A i AR LR K & 717481k, 75
3 FLBR K B 71 5 I TR AF XS Bk RN S5, sk, £
PRACEELOPIY N B F 4 RN RS T S FLISK IR 73 7 1
Te IX AL GATAE 0 R D5 AT B2 ARG TR 4h T HEAT 1 T
FERY, ARE LK TEM, HEAERKHAL
B KR T R, 157 L3 s P2 A al, FLIR/KE
FIH AL K R IR/NRPIR A, 4, iR3E 4 30 min
PHE 1 KRG 5K BT 206G FLBR K 773% B
mi. PR, FLEEKE 7B 56 ) 2R A T
Fopth 2 2 0 R 1) 2 BRI 25 1F B A BIOE R 2 14 3 FL
B E /AR AE L, TE BN T T3S K R, M

Fig.4

B, LKA NE, HEEENNELK, TS
IKEIEIN, FLBRKIE ) 2 EFHE S, R IE g R E .
Sy HTEE YA 3k 30 em BT B 1 A0 2 SHRSLFLBRAKE 5
Bl v, FLBEK R 7B B FE AR S8/ s,
RIHEVR 60 cm 4b 2 SERLMIFLBRAK HE S {E/NF 3% 30 cm
b1 SERSKIFLBUKE ME, XFEERHT NSRS, +
N R L Z R 3G N PG (RIk, HEGTR EERRR,
NGB RN, FLBRKE I N
2.3 FLBEKIE A3 ERB RIS

VSRR it R b, FLBRZKE J1 AR R A7 AE 2
FhRAL. 5 1 FPRAUNI SR R FREEA W K &
T RRIR, R IRTE SRRV, 1 A S b 7K 38 i,
FUBR/K 77 LI p, SIS AR IR A=A o DAYR I35 P
1°, HOUKFE 3.0 m/h (B 1°-3.00 %1 (B 5) , 7Pk
Ji 0~12 min B, 1~6 SRR KE 735 FE 45 7
7£ 0.86~1.29.0.72~1.39. 1.00~1.28. 0.52~1.47. 0.67~
1.35 11 0.62~1.19 kPa 2 [a], & 43514 1.01.0.95.1.15.
0.98. 1.03 F1 0.98 kPa. 7EULBNEL, FLBR/KIE J1RBEE
6] IR SN . B 12 FLBR KR DI 8.0
kPa, 83k K A2 i 1, IS V8 Sh A B 21 38 om; 1 247187
i, FLERAKE JBE % 2.30 kPa, 74 5&JEH#BMHZE 60 cm K
Abo PRI, 1A 2 SHRSLFLBRK R Ju{E 4 B n 3.19
F19.09 55 iR AL, 4~6 SER RN 3.43. 3.82
1 3.68 f5fa i AE . XEEREH TR FES, £
AR R ER T, WHEEEARERE, HhER
MIRE RGN Ak, ERFLBKE 1R, 51 4k
it . Collison PORIA A ik I RRRAEAERT, RN
RURT = A AR R K e 7y, AR VA Sk . 2B & 371k
IS FLIR K R SE T 50, FLBR K 77 R34 Bl 25 A 38 11 K
Az, BRFLBR K HE 77 04 b T S e 5 0542 ok A 33 ) K B TR
R THKMIREERBIREMAREA R, Tk
TETIRILBR PR s RS, T LA S)RE, [Fk, 13
KAy IEEh B A ae v g P, AR HE AR e v R VR S T
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VA SkiZ 3y, Je R Sk Ak 3 K R K X TR 8K
HEHB@A . R IEER, =B

T, SLBUKE K, AR B PT8Y 58 B i AT 2
S 77 RN T AR 38 7 7 R A 33 S A 22230,

F2 FLBEXKEA (P 5iKEEE (0 EYFRHT

Table 2 Regression analysis of pore water pressure

(P) and experiment time (¢)

W UK Wkdm s o W TROK & kg5 AT
Slope Flow discharge/ Number of 5 .E}J R’ . R n Slope  Flow discharge/  Number of 'Ig.wb i . R n
gradient/(°) (m3~h'l) sensor Regression equation aradient/(°) (m3~h'l) sensor Correlation equation
1 P=-0.13In¢+121 081 48 1 P=-030In¢+135 087 119
2 P=0.73¢"% 053 23 2 P=-020ln¢+123 061 79
| 30 3 P=-0.017+134 0.74 165 | g 3 P=-0.02¢+1.03 082 120
4 P=-0.02¢+0.94 0.83 180 4 P=-021Int+051 0.54 120
5 P=121e"% 055 126 5 P=-031ln¢+1.02 080 120
6 P=0.79 0.56 69 6 P=-0.15lIn¢+136 0.50 120
1 P=-033In¢t+138 086 120 1 P=-0.02¢+121 083 120
2 P=-029In¢+133 095 120 2 P=-0.017+090 073 120
| 60 3 P=-038In¢+1.63 085 120 ; 36 3 P=-0.02¢+158 078 120
4 P=-0.74Int+2.6 0.94 120 4 P=-0.03¢+1.05 089 120
5 P=-040In¢+142 096 120 5 P=-002:+128 088 120
6 P=-025In¢+158 093 120 6 P=-001¢+136 077 120
1 P=-0.01¢+1.15 0.81 60 1 P=-0.09In¢+0.86 098 11
2 P=-0.01¢0.73 0.75 60 2 P=-0.06Int+055 097 11
; g 3 P=-0.021+ 147 094 60 ; 79 3 P=-0.08ln¢+1.16 0.95 11
4 P=-0.041+123 071 60 4 P=-022In¢t+145 099 11
5 P=-0.04t+1.15 072 60 5 P=-027Int+1.10 096 11
6 P=-0.041+1.93 091 60 6 P=-0.02¢+130 094 11
1 P=-0.02¢+0.71 0.85 107 . 79 1 P=2.17¢"% 0.93 109
2 P=-0.01¢+0.38 092 78 2 P=-004:+197 074 81
3 3.6 3 P=-0.02¢+0.83 091 120 3 P=-0.02¢+1.14 090 120
5 P=-0.02¢+0.41 0.78 120 7 3.0 5 P=-035In¢+132  0.83 120
6 P=-0.10lnt+095 084 60 6 P=-0.17Int+134 0.66 120
2. e 5 2 AR AR AR P FLIEUK I ST BA ] 5
= FLBK R 338 s | 1) i 49

Collapse cause by increase of pore water pressure

FLB /K JE 7Pore water pressure/kPa

D30 40 6 80 100 120 140 160 180 200
Y& 5 1) Duration of test/min

a. R (1°3.0)
a. Type 1 (1°-3.0)

16
14}
12}
10

3 120'13" 1

B O Ao
= T T T T T

LK JE J1Pore water pressure/kPa

20 40 60 80 100 120 140 160 180 200
P43 B Duration of runoff/min

b. KA 2 (7°-3.6)
b. Type 2 (7°-3.6)

FE: 190 TOHRIEE; 3.0 3.6 FRIE, mih.
Note: 1° and 7° are slope; 3.0 and 3.6 are discharge m>h™.

BS ALBORE AR A

Fig.5 Change of pore water pressure with duration of test

AR E PRI AR B, i O SRR AR . DAY T 3
FE 7°, MUKFE 3.6 m/h CEJ 7°-3.6) Nl (B 5) o 1~
6 T B FLBRKE 1A 0.04~2.15. 0.02~1.13,
0.33~1.48. —0.63~1.98. —0.29~1.91 1 0.60~1.33 kPa
Z 18], “FIME 9 0.75. 0.42. 0.33. 0.54. 0.88 1 0.93 kPa.
FEFAIR 123~125. 130~133.5. 134.5~137.5. 140~143
A1 147~150 min B}, 4 SERLIIFLERAKE J178 N 74
XA HESE B TFAEFI 120~122 min i, 08k KH,
TS KN 63 cm, 60 cm BT AL IR K X Hh R AE
RUAEH TREBEA—, TERBGERARM I, TSk
R A R e s B, KA N TR . UL
BRI SRR TR, 530 LB AR08,
M= A S FLBRAKIE 77 MBI #Rmgis s, 7
FLBR /K 771 L

3 & it

AR B B R BR80T 3, E FEAEAS [
MY (100 3°, 5°, 7°) | JUKFE (3.0, 3.6. 4.8,
6.0~ 7.2 m*h) ZAF N VA LI IR AR e R FL RS K
JESBRE I, FEEE BT

1 3R AR BB R IR I (7] B 3 (AR L a3,
R AR BRI 0~30 min B 6.29%34 %
150~ 180 min I f¥) 27.48%.

2) FEBUKIE AN 3.04 3.6. 4.8, 6.0 F1 7.2 m’/h HI%%
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LAERAE. SR SRR o R K B b FLIRK AR A 115

PER, PR EpE RIS R (R Se BN e TR . e
5 I RBOK I B AR T IR A .

DEYFIMIELE T, B ER il =390 34.12%~97.48%,
22.75% ~ 166.48% , 48.36% ~ 324.59% M 36.55% ~
131.76% 17710 % o 7=y 2R 9AR 1 H BN 1] 1 35 B 1)
AHLAETE “Wi)E” A .
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Headcut erosion processes and pore water pressure variation on Dongzhi
tableland of China

Shi Qianhua’, Wang Wenlong'?*, Guo Mingming®, Chen Zhuoxin!, Feng Langian?, Zhao Man*

(1. State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateaus, Institute of Soil and Water Conservation, Northwest
A&F University, Yangling 712100, China; 2. Institute of Soil and Water Conservation, Chinese Academy of Sciences and Ministry of Water
Resources, Yangling 712100, China)

Abstract: Headcut erosion has been the chief cause in reducing soil fertility and harming ecological environment and
long-term serious headcut erosion has caused serious consequence to security of Dongzhi tableland. A simulated rainfall
combined runoff scouring experiment was carried out to identify the headcut erosion process and pore water pressure variation
on Dongzhi tableland of China. The plot was composed of upstream catchment area, gully head and downstream gully bed.
The slope gradient of upstream catchment area (1.5 mx5 m) was 1°, 3°, 5° and 7°. The vertical height of gully head was 0.9 m.
Besides, the slope gradient of downstream gully bed (1.5 mx1 m) was 1°, 3°, 5° and 7° which was consistent with the upstream
catchment area. The constant-intensity rainfall simulator consisting of nozzles spaced 0.67 m apart, and the pure water was
pumped to these nozzles, with the raindrop height of 2.05 m. The pore water pressure gauges were installed in the middle of
plot, and the distance between pore water pressure gauges and gully head was 30, 60 and 100 cm with the depth was 30 and 60
cm, respectively. The results showed that the frequency of collapse increased with experimental time, which accounted for
27.48% of total amount when the experiment conducted over 150-180 min. The sediment discharge exhibited a decreased
logarithmic relationship with experiment time. The sediment yield was 325.66-454.13, 471.13-787.71, 737.34-1 044.18, and
1 073.16-1 533.60 kg, respectively, under different slope gradient of 1°, 3°, 5° and 7°. There was a general tendency that
sediment yield increased with increasing flow discharge and slope gradient. By multiple regression analysis, the sediment yield
was found to be linearly related with slope gradient and flow discharges. The sediment yield rate increased 34.12%-97.48%,
22.75%-166.48%, 48.36%-324.59%, and 36.55%-131.76%, respectively, under 1°, 3°, 5°, and 7°. Compared to collapse time,
the mutant site in sediment yield rate was delayed due to the deposit of sediment. Pore water pressure decreased with the
increase in duration of runoff, and there was a significant linear or logarithmic relationship between pore water pressure and
duration of test. The increase of pore water pressure was one of the key factors affecting the occurrence of collapse. When the
slope gradient was 1° and the flow discharge was 3.0 m’/h, the pore water pressure was 0.86-1.29, 0.72-1.39, 1.00-1.28,
0.52-1.47, 0.67-1.35 and 0.62-1.19 kPa, respectively, of probe 1 to 6 as the tests time was 12 min, and pore water pressure
decreased with buried depth. In addition, the pore water pressure at 30 cm was greater than 60 cm due to the decrease of soil
infiltration. These findings hold important implications for the eco-recovery of the gully region of Loess Plateau. Study on
erosion process and pore water pressure characteristics of Dongzhi tableland can further reveal the mechanism, lay an
important foundation for the research on the model of gully erosion process, and provide important information for realization
of land resources of Dongzhi tableland in the Loess Plateau.

Keywords: erosion; collapse; sediments; headcut; pore water pressure; gully region of Loess Plateau; simulated rainfall
combined runoff scouring experiment



